Objective: Comparative survival between neoadjuvant chemotherapy and adjuvant chemotherapy for patients with cT2-4N0-1M0 non-small cell lung cancer has not been extensively studied.
Results: In total, 330 patients met the inclusion criteria (n ¼ 92/group after propensity-score matching; median follow-up, 42 months). Five-year diseasefree survival was 49% (95% confidence interval, 39-61) for neoadjuvant chemotherapy versus 48% (95% confidence interval, 38-61) for adjuvant chemotherapy (P ¼ .70). On multivariable analysis, disease-free survival was not associated with neoadjuvant chemotherapy or adjuvant chemotherapy (hazard ratio, 1.1; 95% confidence interval, 0.64-1.90; P ¼ .737), nor was overall survival (hazard ratio, 1.21; 95% confidence interval, 0.63-2.30; P ¼ .572). The neoadjuvant chemotherapy group was more likely to receive full doses and cycles of chemotherapy (P ¼ .014/0.005) and had fewer grade 3 or greater toxicities (P ¼ .001). Response Evaluation Criteria In Solid Tumors response to neoadjuvant chemotherapy was associated with disease-free survival (P ¼ .035); 15% of patients receiving neoadjuvant chemotherapy (14/92) had a major pathologic response.
Conclusions: Timing of chemotherapy, before or after surgery, is not associated with an improvement in overall or disease-free survival among patients with cT2-4N0-1M0 non-small cell lung cancer who undergo complete surgical resection. Five-year DFS for the NC versus AC group.
Central Message
Timing of chemotherapy (before or after surgical resection) is not associated with survival for patients with cT1-3N0-1M0 NSCLC; however, tolerance is improved with neoadjuvant therapy.
Perspective
For patients with cT1-3N0-1M0 NSCLC, timing of chemotherapy is not associated with survival. The benefits of NC over AC, including improved tolerance, ability to stop/alter therapy if no response, and potential to determine prognosis based on tumor response, make NC a favorable option for patients and clinicians.
See Editorial page 754.
See Editorial Commentary page 756. We have recently shown that even with a complete resection (R0) in patients with pathologic node-negative lung adenocarcinoma, there was a high incidence (20%-50%) of distant recurrence for increasing T-stage tumors, suggesting that surgery alone in this patient population is inadequate therapy. 1 The National Comprehensive Cancer Network guidelines recommended surgery followed by adjuvant chemotherapy (AC) for patients with T2-4N0-1 non-small cell lung cancer (NSCLC), with a footnote that neoadjuvant chemotherapy (NC) should also be considered for these patients. 2 The recommendation for AC is based on multiple phase III randomized controlled trials and a meta-analysis that established an approximately 5% better 5-year overall survival (OS) for surgery plus AC versus surgery alone. [3] [4] [5] Although associated with improved survival, up to 51% of patients who receive AC experience adverse events, 23% of which are grade 4. 5 In addition, compliance with AC regimens is poor: In one study, 9% of patients did not receive any of the prescribed AC, only 59% received the full dose, and 25% received 2 cycles of AC. 4 NC offers potential benefits over AC for patients with cT2-4N0-1 NSCLC, including additional time for preoperative cessation of smoking, reduction in tumor size, treatment of micro-metastatic disease, and ability to assess treatment response, which can affect decisions on appropriate selection of additional adjuvant therapies. Radiographic tumor response to NC may also provide additional prognostic information and allows the ability to consider cessation or switch of therapy in the absence of a response. 6 In addition, NC has been associated with better tolerance and compliance, as demonstrated in a phase III randomized trial in which 97% of patients in the NC group started planned chemotherapy, compared with 66% in the AC group. 7 The preponderance of available data support surgery followed by AC over surgery alone. In contrast, the evidence base supporting the use of NC for patients with cT2-4N0-1 NSCLC is limited, and comparisons with AC are not robust and have limitations. 7 With the increasing interest in the use of induction immunotherapy for resectable NSCLC, it is becoming ever more important to understand the contemporary effects of NC versus AC on outcomes in these patients. 8 Therefore, the primary objective of this study was to evaluate disease-free survival (DFS) among patients with cT2-4N0-1 NSCLC treated with NC or AC. Secondary objectives included assessment of OS and compliance with chemotherapy regimen(s). In addition, among patients receiving NC, the relationship between survival and major pathologic response (MPR) rates and radiographic response to chemotherapy were investigated.
MATERIALS AND METHODS Patient Population
After Institutional Review Board approval (Protocol # 16-1395), we performed a retrospective review of a prospectively maintained, singleinstitution surgical database for patients with cT2-4N0-1 NSCLC who were treated with platinum-based chemotherapy and surgical resection from January 2000 to December 2015. The decision to administer NC versus proceed directly to surgical resection was based on physician assessment and multidisciplinary tumor board discussion. At our institution, patients who receive NC are typically reevaluated radiographically after 2 cycles of therapy; if there is no response, the decision is to proceed directly to surgery or to switch chemotherapy agents as previously described by our group. 6 Patients were excluded from analysis if they had undergone induction radiotherapy, any targeted therapy (with or without chemotherapy), both NC and AC, or a nonconventional chemotherapy regimen (including additional treatment for a separate metastatic cancer); if they did not undergo a pretreatment positron emission tomography [PET] scan; if they had stage IV disease (American Joint Committee on Cancer 8th edition) or microscopic or macroscopic residual disease (R1/R2 resection); or if more than 90 days had elapsed between surgery and either NC or AC. Patient demographic characteristics, primary tumor maximum standardized uptake value (SUV max ), tumor response to NC, chemotherapy details, pathologic tumor subtype (American Joint Committee on Cancer 8th edition), postoperative complications, and follow-up data were documented. Patients who received NC underwent restaging with post-treatment computed tomography (CT) and PET/CT. Mediastinal surgical restaging was performed on a selective basis. 9 Tumor response to NC was assessed by change in size on CT scan in accordance with Response Evaluation Criteria In Solid Tumors (RECIST). 10 Pathologic responses to NC were verified by re-review of pathologic slides and was confirmed by a pathologist (J.M., W.T.). MPR was defined as 90% or greater necrosis of the tumor. 11 Chemotherapy tolerance was defined as the receipt of full doses and full cycles without 12, 13 Patient follow-up was performed by history and physical examination and CT scan every 6 months for the first 2 years and then annually thereafter, in accordance with National Comprehensive Cancer Network guidelines. The timing and location of recurrences were noted. Metachronous primary lung cancers were differentiated from recurrent disease using the criteria established by Martini and Melamed, 14 as well as using molecular genomic data, when available.
Statistical Analysis
To reduce potential selection bias related to a nonrandomized cohort, we included results from propensity score-matched analyses and generated 2 groups (NC and AC) with comparable characteristics (ie, balanced). Propensity scores were computed as the conditional probability of receiving AC (vs NC) using a logistic regression model that included 10 variables: year of surgery (2000-2005, 2006-2010, 2011-2015) , age at surgery, gender, body mass index (kg/m 2 ), Charlson comorbidity score, procedure (pneumonectomy vs bilobectomy, lobectomy, or segmentectomy), tumor laterality, histologic subtype (adenocarcinoma, squamous, vs large cell, mixed, or other), clinical stage (IB, IIA, IIB, IIIA), and pretreatment tumor SUV max .
Propensity score matching resulted in matched pairs of patients (1 from each chemotherapy group) with a similar propensity for receiving AC versus NC. Propensity score-matched pairs were identified without replacement using a 1:1 nearest-neighbor matching algorithm with estimated caliper width. The caliper width was based on the recommendation by Austin 15, 16 (equal to 0.2 of the standard deviation of the logit of the propensity score). Balance in variables between groups was assessed by the absolute standardized mean difference (ASMD) before and after the matching procedure. An ASMD less than 0.1 indicates balance in the covariates between NC and AC. After matching, 92 pairs that were comparable across patient characteristics were available for analysis. Univariable and multivariable analyses were performed on the matched set. As a sensitivity analysis and to model an intention-to-treat analysis, the propensity score-matching procedures were repeated to include a subset of previously excluded patients (R1/R2 resection or stage IV disease). There were too few R1/R2 and stage IV cases to achieve adequate balance between the 2 chemotherapy groups, because none of these additional cases had an adequate match in the other group. The resulting propensity score-matched cohort, obtained using an optimal caliper width that ensured balanced between the 2 chemotherapy groups (not shown), did not include any R1/R2 or stage IV cases. The study analysis was limited to patients who had R0 resection.
To assess the effect of NC and AC on long-term outcomes, we chose DFS and OS as the end points of interest. Survival was measured from the time of the first treatment to the time of death (OS) or recurrence or death (DFS). Patients who do not die or experience recurrence were censored on the date of the last follow-up. DFS and OS were estimated using the Kaplan-Meier approach and compared between NC and AC groups using the log-rank test. Associations between variables and DFS and OS were quantified using Cox proportional hazard models. All analyses were stratified by matched pairs. Chemotherapy tolerance, adverse reactions to chemotherapy, and postoperative complications were compared between the propensity score-matched NC and AC groups using Fisher exact test.
Last, in the NC group, we evaluated whether RECIST, tumor pathologic response, and ypStage were associated with DFS and OS. For this analysis, we used the entire cohort of patients who underwent NC (n ¼ 142). Survival was estimated using the Kaplan-Meier approach and compared between RECIST classifications and between MPR strata (<90% vs 90% tumor necrosis) using the log-rank test.
Statistical analyses were conducted using R 3.1.1 (R Development Core Team, Vienna, Austria). The propensity score-matching procedures used the MatchIt and tableone packages. All statistical tests were 2-sided.
RESULTS

Patient Population
In total, 330 patients met the inclusion criteria (NC ¼ 142, AC ¼ 188) (see CONSORT diagram, Figure 1 ). Eighty-eight percent of patients who received NC had an R0 resection (142/162). Patients with incomplete resection had microscopic tumor (R1) present at the margin (N ¼ 9), positive pericardial fluid (N ¼ 1), or bulky tumor/ nodes inseparable from the superior vena cava (N ¼ 4) or aorta (N ¼ 3), or the surgeon did not believe a R0 resection was possible even with a pneumonectomy (N ¼ 3). Of the 20 patients in who had an incomplete resection and NC, 13 died (65%). As stated in the ''Materials and Methods'' section, when the propensity score matching was performed including these patients, all were eliminated as part of that analysis. Before propensity score matching, NC patients were more likely to have earlier year of surgery, pneumonectomy, higher clinical stage, higher pretreatment tumor SUV max , and adenocarcinoma (Table 1) . After matching, the ASMD between AC and NC for year of surgery, age, gender, body mass index, Charlson comorbidity score, resection type, tumor histologic subtype, pretreatment tumor SUV max , and clinical stage were all less than 0.1, indicating proper matching (Table 1) . Additional clinicopathologic characteristics of the matched cohort are listed in Table E1 .
Survival and Recurrence
After propensity score matching, both groups (NC and AC) comprised 92 patients. The median duration of follow-up was 69.6 months (interquartile range [IQR], 38.8-121.2 months). Median follow-up for the propensity score-matched NC group was 74.4 months (IQR, 42-138 months) versus 64.4 months (IQR, 42.7-108 months). Postoperative radiation therapy was administered to 11% of patients in the NC group and 4% of patients in the AC group (Table E1 ; Fisher exact test P ¼ .16). In this propensity score-matched cohort, 33 patients in the NC group had recurrence, 4 of which were locoregional, 20 were distant, and 9 were both distant and locoregional. In the AC group, of 41 patients with recurrence, 1 was locoregional only, 34 were distant recurrences, and 6 were both locoregional and distant.
We first evaluated whether there was an association between DFS and NC or AC. Median DFS was 4.38 years (95% confidence interval [CI], 2.92-6.90 years) in the NC group versus 4.74 years (95% CI, 1.63 to not available) in the AC group. The 5-year DFS was 48% (95% CI, 39-61) for the NC group versus 48% (95% CI, 38-60) for the NC group (Figure 2 , A; log-rank P ¼ .701). On univariable analysis, there was no significant association between DFS and NC or AC (AC vs NC hazard ratio [HR], 1.09; 95% CI, 0.61-1.95; P ¼ .768). We next evaluated DFS using a multivariable model, and similarly there was no significant association between DFS and NC or AC (AC vs AC HR, 1.10; 95% CI, 0.64-1.90; P ¼ .737) ( Table 2) .
Median OS was 9.22 years (95% CI, 5.14-12.92 years) in the NC group versus 8.98 years (95% CI, 4.62 to not available) in the AC group. The 5-year OS was 64% (95% CI, 54-75) for the NC group versus 61% (95% CI, 50-74) for the AC group (Figure 2 , B; log-rank P ¼ .768). On univariable analysis, there was no significant association between OS and NC or AC (HR, 1.09; 95% CI, 0.61-1.95; P ¼ .77). On multivariable analysis, there remained no significant association between OS and NC or AC (AC vs NC HR, 1.21; 95% CI, 0.63-2.30; P ¼ .572) ( Table 2) .
We also evaluated whether postoperative complications and operative approach differed between NC and AC. There were 41 (45%) total postoperative complications in the NC group versus 32 (35%) in the AC group (Fisher exact test P ¼ .23). Most complications were low grade with only 13 patients in the NC group (14%) having grade 3 or greater complications, compared with 6 patients in the AC group (7%) (Fisher exact test P ¼ .14) (Table E2 ). In the unmatched cohort, 30-day mortality was 0.7% for the NC group versus 0% for the AC group (P ¼ .4); 90-day mortality was 2.8% for the NC group versus 1.1% for the AC group (P ¼ .4). After propensity score matching, 30-day mortality was 1.1% for the NC group versus 0% for the AC group (P ¼ .99), and 90-day mortality was 3.3% for the NC group versus 2.2% for the AC group (P ¼ .99). Unsurprisingly, after propensity score matching, fewer patients in the NC group underwent minimally invasive approach (7 patients, 6.9%) versus the AC group (19 patients, 19%) (P ¼ .02).
Chemotherapy Tolerance
Tolerance and completion of chemotherapy were examined using the propensity score-matched cohort. There was no significant association between NC or AC and whether patients received cisplatin-based chemotherapy or carboplatin-based chemotherapy (P ¼ .8, Appendix Table 1 ). In the propensity score-matched cohort, 6 patients in the NC group stopped therapy completely versus 20 in the AC group. In addition, 9 had their regimens altered in the NC group versus 7 in the AC group. We found that patients in the NC group were more likely to receive the full cycle and full dose and had fewer high-grade toxicities related to chemotherapy than patients in the AC group (Table 3) .
Response to Neoadjuvant Chemotherapy
Finally, we examined whether response to NC provides additional prognostic information about survival. Characteristics of the entire NC cohort (n ¼ 142), including RECIST response and pathologic response, are listed in Tables E3, E4 , and E5. We found that RECIST response was significantly associated with DFS (P ¼ .035) but not OS (P ¼ .13) (Figure 3, A and B) . Kaplan-Meier curves for MPR versus no MPR indicated better OS and DFS among patients with an MPR to NC (Figure 3, C and D) . Because MPR status was available for a subset of patients in the NC group (92/142), we did not perform a log-rank test in this subanalysis (Figure 3, C and D) . Fourteen patients in our study (15%) had an MPR to NC: 5 (36%) classified as stable disease and 9 (64%) classified as partial response by RECIST. We also found that ypStage was associated with DFS (P <.001) but not OS (P ¼ .1) (Figure 3 , E and F).
DISCUSSION
Our primary observation is that timing of chemotherapy (whether before or after surgery) was not associated with 4 reported that AC is associated with an 11% decrease in risk of death, a 5.8% benefit in DFS, and a 5.4% absolute improvement in OS, compared with surgery alone. Likewise, the superiority of NC plus surgery over surgery alone for patients with cT2-4N0-1M0 NSCLC has been established by other trials. SWOG S9900 evaluated neoadjuvant carboplatinpaclitaxel in patients with stage IB-IIIA NSCLC (excluding patients with Pancoast tumors and cN2 disease). 17 This trial, which was powered to detect a 33% increase in median survival, was closed early after trials of AC establishing its efficacy were published. However, analysis of the abbreviated SWOG 9900 trial revealed a 9% improvement in both progression-free survival and OS for NC plus surgery versus surgery alone. 17 Another trial, which similarly closed early and evaluated neoadjuvant cisplatin and gemcitabine, found an 8% improvement in 3-year OS for NC versus surgery alone. 18 Similar to our study, Lim and colleagues 19 reported a meta-analysis of 32 clinical trials and found no difference in OS or DFS between NC or AC in patients with resected NSCLC. In contrast, a 2014 metaanalysis comprising 15 randomized trials (n ¼ 2385 patients) compared NC followed by surgery and surgery alone and found that NC was associated with better recurrencefree survival and distant recurrence rates and a 5% absolute improvement in OS, with an HR identical to that of the pooled adjuvant studies. 20 Collectively, the available evidence suggests that NC may offer a survival advantage over surgery alone for patients with locoregionally advanced NSCLC.
In contrast to the above studies, our study directly compares NC with AC-the current standard of care-in patients with locoregionally advanced (non-cN2) NSCLC. As discussed, multiple studies have demonstrated that NC and AC are associated with a survival benefit over surgery alone; however, few studies have directly compared the 2 chemotherapy approaches. 4, 17, 18 Only the NATCH trial evaluated both NC versus surgery alone and AC versus surgery alone in patients with T1N0-T3N1 NSCLC. In that study, the addition of chemotherapy (NC or AC) to surgery had no effect on DFS; however, the study included an overly optimistic power analysis of a 15% difference in DFS at 5 years and a preponderance of patients with clinical stage I disease, for whom chemotherapy has been shown to have limited benefit. 7, [20] [21] [22] [23] Although our findings are similar to those from the NATCH trial and the meta-analysis comparing NC followed by surgery and surgery alone, there are important differences. 20, 24 In the NATCH study and the meta-analysis, 75% and 50% of the NC cohorts, respectively, had clinical stage I disease. 7, 17 In contrast, our propensity score-matched cohort consisted of patients with higher-stage tumors (53% cT3-4, 38% cN1), and these patients are more likely to benefit from the addition of chemotherapy to their treatment plan. In addition, in (A, B) , MPR (C, D), and ypStage (E, F). PD, Progressive disease; SD, stable disease; PR, partial response; CR, complete response; DFS, disease-free survival; CI, confidence interval; OS, overall survival; path, pathologic; MPR, major pathologic response.
the NATCH trial, all patients received carboplatin-based chemotherapy, whereas in the present study 63% of patients received cisplatin-based chemotherapy; however, it should be noted that the meta-analysis found no difference in survival between these 2 regimens. 17 More patients in the present study had adenocarcinoma histologic subtype (48% vs 29% in NATCH). Moreover, in both NATCH and the metaanalysis, women made up a small portion of the study population (13% in NATCH and 22% in the meta-analysis vs 43% in the present study). 7, 20 Therefore, our study population perhaps more closely reflects the population of patients with NSCLC who would receive either NC or AC, and is likely better suited to evaluate the putative benefits of NC.
In our study, significantly more patients in the NC group received the full dose and full cycle of chemotherapy than in the AC group. In addition, there were fewer high-grade adverse events in the NC group. Our findings support those of the NATCH study 7 in that NC is associated with better chemotherapy tolerance than AC. Unfortunately, in both studies, the improved tolerance among patients receiving NC was not associated with improved DFS or OS, although a similar improvement in compliance has been shown to be associated with improved survival in breast cancer. 25 Despite the lack of a survival benefit, the other benefits of NC, especially the improved tolerance and the ability to monitor response and stop or alter therapy if no response is observed, can make it appealing for patients and clinicians.
Our findings that RECIST response to NC was associated with improved DFS but not OS are similar to those from a study from MD Anderson that evaluated OS in 160 patients with clinical stage I to IV NSCLC who underwent NC followed by resection. Although the authors of that study initially found that RECIST response was associated with OS, when pathologic response was included in multivariable analysis, the association was no longer present. 26 In contrast, a group from Moffitt Cancer Center evaluated RECIST in 89 patients and found that CT RECIST response, but not PET RECIST response was associated with OS and that the association was more pronounced among patients with higher-stage disease. 27 It is possible that the lack of association between OS and RECIST response in our study can be explained by our exclusion of patients with cN2 or higher stage disease. The aforementioned studies had more patients with stage III/IV disease (56% in the MD Anderson study and 40% in the Moffitt Cancer Center study). In addition, both studies divided the RECIST response into 2 groups (partial response/ complete response vs progressive disease/stable disease); we chose to examine the criteria as 4 distinct groups. It has been suggested that MPR is an assessable and reliable surrogate measurement of survival after NC for NSCLC.
11 MPR rates after NC were not reported in the NATCH or CHEST trials or in the meta-analysis. 7, 18, 20 In our study, the MPR rate after NC was 15%, which is similar to that in other studies 26, 28 but significantly less than the 43% recently reported in a small series of patients with NSCLC receiving 2 cycles of neoadjuvant nivolumab followed by surgical resection. 8 Unfortunately, there is a significant discordance between RECIST response (CT and PET) and MPR in patients with NSCLC treated with NC. William and colleagues 26 found a 41% discordance rate between CT RECIST response and histopathologic response; we observed a discordance rate of at least 36% in our study.
Study Limitations
The limitations of our study include its retrospective, single-institution nature, which may limit the generalizability of the results. Additionally, we used clinical stage to match cohorts, which has known inaccuracies, but has been used by other groups when evaluating outcomes after NC. 17 Some patients may develop progressive disease during NC and are unable to undergo surgery; although this number is likely to be small (3%-4% in published trials of NC), we cannot account for these patients in our data set. 17, 18 Although in our unmatched cohort, more patients had an incomplete resection in the NC group, the Lancet meta-analysis found that preoperative chemotherapy was not associated with ability to undergo complete resection (odds ratio, 0.88), and our rate of R2 resection in the NC group (6.2%) is comparable to that published in the previous trials. 7 We also do not know the number of patients who underwent surgery and were eligible for AC but did not receive it. These are common limitations of a retrospective design that would be addressed in a prospective intentionto-treat study. Finally, although this was a large study, it still may be underpowered to fully address the effect of the timing of chemotherapy on DFS or OS in patients with advanced, non-N2 NSCLC.
CONCLUSIONS
Despite the higher levels of tolerance and full doses and full cycles of chemotherapy in the NC group, neoadjuvant administration did not result in better DFS or OS, compared with adjuvant administration, among patients with cT2-4N0-1M0 NSCLC who had R0 resection. However, RECIST response to chemotherapy was associated with better DFS. Our study provides a contemporary benchmark against which to compare outcomes of future neoadjuvant regimens, including immunotherapy, for locally advanced NSCLC. It also amplifies the need to more fully understand and develop genomic, molecular, or pathologic biomarkers (alone or in combination) to more accurately predict which tumors will respond to neoadjuvant or adjuvant regimens as part of the treatment paradigm for patients with surgically resectable NSCLC. NC, Neoadjuvant chemotherapy; AC, adjuvant chemotherapy. *In the NC group, 1 patient had both wound infection and pulmonary embolus, 1 patient had both small bowel obstruction and acute kidney injury, 1 patient had neuropathy and pneumothorax, and 1 patient had both sepsis and acute respiratory distress syndrome. In the AC group, 1 patient had both respiratory failure and pneumonia. 
